Type 1 T-cell responses against intracellular pathogens play a crucial role in mediating protection. We examined whether the induction of a strong type 1 T-cell response during a chronic bacterial infection influences responses to superantigens capable of inducing acute shock. Intravenous infection of mice with Mycobacterium bovis BCG appeared to induce a progressive anergy towards staphylococcal enterotoxin B (SEB) and towards antigen preparation of BCG (BCG-Ag) itself, based on diminished gamma interferon (IFN-␥) production by SEB-and BCG-Ag-stimulated splenocytes from infected mice. In contrast to these in vitro results, injection of SEB into BCG-infected mice led to a dramatic increase in the serum IFN-␥ levels and the death of infected but not of control mice. In vitro hyporesponsiveness towards SEB and BCG-Ag occurred only with unfractionated splenocyte cultures, as purified T cells from infected mice produced higher levels of IFN-␥. Hyporesponsiveness towards SEB and BCG-Ag in unfractionated splenocyte cultures was not due to suppressive antigen-presenting cells (APCs), as APCs from infected mice stimulated higher levels of IFN-␥ from purified T cells. The diminished IFN-␥ levels observed with bulk splenocytes appear to be due to changes in the T-cell-to-APC ratio that result in a decreased proportion of T cells, coupled to reduced proliferative responses and an increased susceptibility of effector T cells to activation-induced cell death in vitro. Our results indicate that the reported phenomena of T-cell anergy during mycobacterial infection may be an in vitro consequence of the development of a strong type 1 response in vivo.
CD4
ϩ -and CD8 ϩ -T-cell activation is important for protection against infectious diseases (23) . Under extreme polarizing conditions (such as chronic infections), CD4
ϩ T cells differentiate into type 1 (producing interleukin 2 [IL-2] and gamma interferon [IFN-␥]) or type 2 (producing IL-4, IL-5, and IL-13) effectors and, once generated, mediate differential protection depending on the type of pathogen and the strain of mouse used (23) . CD8 ϩ T cells, on the other hand, are primarily involved in protection against intracellular pathogens, particularly those that replicate in the cytoplasm of the host cell (38) .
Mycobacterium bovis BCG is a facultative intracellular bacterium that causes chronic infections in susceptible hosts. In mice, infection with BCG results in the development of splenomegaly in the first 4 weeks of disease, with increased accumulation of splenocytes during that time (25) . Infection also leads to the development of a BCG-specific IFN-␥ response at both the CD4 ϩ -and CD8 ϩ -T-cell levels (32) . As with other pathogenic mycobacteria, BCG infection has been reported to induce T-cell anergy, particularly at higher bacterial burdens (25) .
Superantigens hyperstimulate T cells by acting as a bridge between superantigen-restricted V␤-containing T-cell receptors (TCRs) and major histocompatibility complex (MHC) class II molecules, resulting in a high responder frequency and massive inflammatory cytokine release (9) . Gram-positive respiratory pathogens frequently produce superantigens as virulence factors during upper respiratory tract infections (9) . Superantigens are secreted proteins that aid in immune evasion and cause severe pathophysiological changes in the host, often leading to shock. As superantigen-activated T cells are deleted by apoptosis or become nonresponsive (anergic) to restimulation, superantigens are often used to study inducible tolerance (33) .
Since a host can potentially be challenged with multiple antigens or pathogens at any given time, understanding how an ongoing immune response to an infection alters responses to unrelated antigens is important. As BCG is a respiratory pathogen (9) and as superantigens are often produced during upper respiratory tract infections by gram-positive bacteria (9), we examined how BCG infection affected responses to the superantigen staphylococcal enterotoxin B (SEB). Our results reveal an apparent dichotomy between in vivo and in vitro responses to SEB in mice intravenously (i.v.) infected with a high dose (HD) of BCG. In addition, there was a further incongruity between results obtained in vitro with unfractionated splenocytes and those seen with fractionated T-cell and antigen-presenting cell (APC) populations. Our results question the notion that chronic mycobacterial infections induce T-cell anergy per se and suggest that this phenomenon may be an in vitro consequence of the development of a strong type 1 response in vivo.
MATERIALS AND METHODS
Bacteria and BCG-Ag preparation. BCG (Pasteur) was kindly provided by R. North (Trudeau Institute, Saranac Lake, N.Y.) and cultured in 7H9 medium containing glycerol (0.2%), Tween 80 (0.05%), and albumin-dextrose supplement (10%; Difco Laboratories, Detroit, Mich.). At mid-log phase (optical density at 600 nm ϭ 1.0), bacteria were harvested and frozen at Ϫ70°C (in 20% glycerol). Numbers of CFU were determined by plating serial dilutions in phosphate-buffered saline-Tween (PBS-T) (0.025% Tween 80) on Middlebrook 7H10 solid medium containing glycerol (0.5%) and oleic acid-albumin-dextrose supplement (10%; Difco Laboratories). For antigen preparation of BCG (BCGAg), the bacteria were grown in liquid culture (200 ml) as described earlier, harvested by centrifugation (3,000 ϫ g for 30 min), and washed and resuspended in 2.5 ml of ice-cold PBS. The cell suspension was disrupted by sonication on ice with a Sonifier, Cell Disruptor 350 (Branson Sonic Power; SmithKline, Danbury, Conn.). This material was centrifuged at 1,900 ϫ g for 10 min and filtered, and aliquots were stored at Ϫ80°C. The protein concentration was determined with a Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, Calif.) using bovine serum albumin (Sigma Chemical Co., St. Louis, Mo.) as a protein standard.
Mice and in vivo challenges with BCG and SEB. Female BALB/c mice, 6 to 8 weeks of age, were obtained from Charles River Laboratories (St. Constant, Quebec, Canada). Mice were maintained in the animal facility at the Institute for Biological Sciences (National Research Council, Ottawa, Ontario, Canada). For immunizations, BCG aliquots were thawed, washed once in PBS-T, and resuspended at 5 ϫ 10 6 CFU/ml and at 5 ϫ For in vivo challenge with SEB (Sigma Chemical Co.), HD-infected mice immunized 30 days previously or uninfected controls were injected with 100 g i.v. Eight hours post-SEB injection, mice were tail bled (along with noninjected controls) and serum IFN-␥ was measured by enzyme-linked immunosorbent assay (ELISA). Mice were continually monitored but were allowed to progress to terminal shock. In some experiments, uninfected mice that survived SEB-induced toxic shock were rested for 1 week, prior to analysis of their splenic responses. In some experiments, SEB was heat inactivated (80°C for 1 h) prior to injection into mice. All SEB batches used in vivo were tested for lipopolysaccharide (LPS) contamination (Associates of Cape Cod Inc., Falmouth, Mass.) and were found to have Ͻ0.06 EU/100 g of protein.
Cell culture and flow cytometry analysis of unfractionated splenocytes. At various time points after infection, BCG-immunized mice and their age-matched controls were killed by CO 2 intoxication and their spleens were removed aseptically. In some experiments SEB-exposed mice (1 week postinjection) and PBSinjected controls were used instead. Single-cell suspensions were prepared by tweezing the spleens between the frosted ends of two sterile glass slides in RPMI 1640 (GIBCO-BRL, Burlington, Ontario, Canada). Cells were subsequently passed through Falcon 2360 cell strainers (Becton Dickinson Labware, Franklin Lake, N.J.). For some experiments, erythrocytes were lysed in Tris-buffered ammonium chloride. Cells that excluded trypan blue were counted and resuspended at 10 7 /ml in medium. Culture medium consisted of RPMI 1640 ϩ 10% fetal bovine serum ϩ 50 g of gentamicin (GIBCO-BRL)/ml ϩ 10 g each of isonicotinic acid, rifampin, and pyrazinamide (R10A; all three from Sigma Chemical Co.) per ml.
Unfractionated splenocytes (5 ϫ 10 5 cells/well; 200-l volume in R10A) from infected (HD and LD), SEB-exposed mice or control mice were cultured in the presence of the indicated concentrations of SEB and SEA (Sigma). In some experiments, cultures were stimulated with plate-bound anti-TCR V␤8 monoclonal antibody (MAb) (F23.1; PharMingen, San Diego, Calif.) or various concentrations of BCG-Ag. Cultures were incubated at 37°C in 8% CO 2 . For most experiments, supernatants were removed at 24 h for IL-2 and at 72 h for IL-4 and IFN-␥ measurements, using cytokine-specific ELISAs (28) . In some experiments, IFN-␥ measurements were made on 24-h supernatants as well. After 72 h, 0.5 Ci (in a 50-l volume) of tritiated thymidine was added per well. Cells were harvested 18 h after thymidine pulse, and radioactive incorporation was determined by liquid scintillation. The proliferation index is the ratio of the individual stimulus-induced incorporation to that induced by medium alone. Experiments were performed at least twice.
For T-cell purifications and culture conditions. In order to purify CD4 ϩ T cells by positive selection, 0.5 ϫ 10 8 to 1 ϫ 10 8 cells were pelleted and resuspended in 1 ml of R10A. Dynabeads mouse CD4 (Dynal Inc., Lake Success, N.Y.) was added to the resuspended cell pellet at a ratio of 4 beads/cell and was incubated at 4°C for 30 min in a rotating platform, following which the CD4 ϩ cells were removed using the Dynal MPC-1 magnet according to the manufacturer's instructions. Three or four rounds of washing and magnetic separation were performed, with fresh R10A being added after each round. Detachment of Dynabeads from CD4 ϩ T cells was accomplished using Detachabead mouse CD4 (Dynal Inc.) as per manufacturer's instructions: 1 U of Detachabead was added per 10 6 target cells, and the suspension was incubated for 60 min at ambient temperature in a rotating platform. Purified CD4 ϩ T cells were then washed or magnetically separated from the detached Dynabeads as done before. The resulting purified T cells were greater than 90% pure (Ͻ1% CD8 ϩ T cells) as determined by follow-up analysis with PE-conjugated rat anti-mouse CD4 (YTS 191.1). For some experiments, Dynabead-purified CD4 ϩ T cells were subsequently stained with either FITC-or PE-labeled rat-anti-mouse CD44 (IM7.8.1) and were sorted into CD44 low and CD44 hi populations in an EPICS Elite ESP (Beckman Coulter).
In some experiments, the above CD4-depleted splenocytes were pelleted, resuspended in 0.5 to 1 ml of R10A, and used to purify CD8 ϩ T cells. CELLection Biotin Binder Dynabeads precoated as per manufacturer's instructions (Dynal Inc.) with biotin-conjugated rat anti-mouse CD8␤.2 MAb (53.5.8; PharMingen) were added to the resuspended cell pellet at a ratio of 5 beads/cell and were incubated for 15 to 20 min at 4°C in a rotating platform. Magnetic isolation of the CD8␤ ϩ T cells was done as described above for CD4 ϩ cells. Dynabead detachment was done using the CELLection Biotin Binder kit Releasing Buffer (DNase; 188 U/10 8 Dynabeads) in a 37°C shaker for 30 to 60 min, followed by two or three rounds of washing and magnetic separation. This protocol resulted in 85 to 95% pure CD8 ϩ cells as determined by follow-up analysis with PEconjugated rat anti-mouse CD8␣ (YTS 169.4).
Purified CD4 ϩ T cells or CD8 ϩ T cells (10 5 cells/well, in a Falcon roundbottomed 96-well plate) were cocultured with various APC populations (see below) in the presence or absence of various concentrations of SEB or BCG-Ag. In some experiments, the keyhole limpet hemocyanin (KLH)-specific type 1 clone HDK1 (kindly provided by Tim Mosmann, University of Rochester, Rochester, N.Y.) was cocultured with various populations of unfractionated splenocytes (see below) in the presence or absence of KLH (10 g/ml; Sigma). As was the case for unfractionated splenocytes, supernatants from the purified T-cell cultures were removed at 24 h for IL-2 and at 72 h for IL-4 and IFN-␥ measurement, while the tritiated thymidine pulse was done after 72 h. The proliferation index is the ratio of the SEB-induced incorporation to that induced by medium alone. Experiments were performed at least twice.
Accessory cell preparation. For some experiments, bone marrow-derived dendritic cells were used as accessory cells. Briefly, bone marrows were flushed from the femurs and tibias of one to three normal mice, and single-cell suspensions were made by passing them through Falcon 2360 cell strainers (Becton Dickinson Labware) using a sterile 1-ml syringe plunger. Cells were subsequently counted and resuspended at 10 6 cells/ml in R10 (including 50 g of gentamicin/ml).
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Medium was supplemented with 5 ng of recombinant murine granulocyte-macrophage colony-stimulating factor (ID Labs, London, Ontario, Canada)/ml, and cells were placed in a Falcon 353111 tissue culture flask (Becton Dickinson) and cultured for 6 to 8 days at 37°C in 8% CO 2 . Nonadherent cells were removed at days 2 and 4 of culture, and fresh R10 ϩ granulocyte-macrophage colonystimulating factor was added. On the day of the experiment, nonadherent cells were harvested (Ͼ80% CD11c ϩ ), washed in R10, counted, and irradiated (2,500 rads) prior to being placed in culture with purified CD4 ϩ or CD8 ϩ T cells at 5 ϫ 10 4 cells/well. For other experiments, adherent splenocyte fractions from PBS-treated or LD-or HD-infected mice were obtained by incubating CD4-depleted spleens from the above-described animals in a Falcon 3003 tissue culture dish (Becton Dickinson Labware) for 2 h at 37°C in 8% CO 2 . Nonadherent cells were discarded, and the adherent cell fraction was harvested by incubating cells with cold PBS ϩ 1 mM EDTA for 10 min at 4°C. Detached cells were harvested, counted, and used at 5 ϫ 10 5 cells/well in the presence of the indicated concentrations of SEB or BCG-Ag.
For some experiments involving CD44 low and CD44 hi CD4 ϩ T cells, irradiated B-lymphoma cells (M12.4.1) were used as APCs (at 5 ϫ 10 4 cells/well) with or without BCG-Ag (10 g/ml). For experiments involving HDK1 T cells, unfractionated splenocytes from PBS-treated or LD-or HD-infected mice were irradiated (2,500 rads) and used as APCs at the indicated concentrations in the presence or absence of KLH (10 g/ml; Sigma).
RESULTS

Splenic hyporesponsiveness to SEB in BCG-infected mice.
BCG induces a strong type 1 response in mice, characterized by the production of high levels of IFN-␥ and little IL-4 in response to Ag (14) . Since mice can encounter multiple infections that could potentially be cross-regulatory, we examined responses to SEB (a shock-inducing exotoxin produced by Staphylococcus aureus), which stimulates TCR V␤8-bearing T cells in an MHC class II-dependent but unrestricted fashion (12) . Injection of mice with SEB induces a state of splenic hyporesponsiveness to restimulation with the superantigen 1 week later (12) . Reduced proliferation and reduced IL-2 and IFN-␥ production characterize this in vitro splenic hyporesponsiveness seen in SEB-exposed mice, relative to what is found in unexposed controls (Fig. 1A) . We observed that BCG infection appeared to have a similar impact on splenic responses to SEB (Fig. 1B) , in spite of infected animals not having been experimentally exposed to the superantigen. At different time intervals after BCG infection (days 7, 16, and 30), unfractionated splenocytes from afflicted mice or agematched PBS-injected mice were stimulated with different concentrations of SEB for 72 h. Analysis of the results depicted in Fig. 1B indicates that, as early as 7 days after infection, there was decreased production of IL-2 and IFN-␥, as well as decreased proliferation in response to higher concentrations of SEB (1 and 10 g/ml). This difference is exacerbated as the infection progresses (day 7 Ͻ day 15 Ͻ day 30), particularly for IFN-␥, which shows the greatest difference between controls and infected mice on day 30. IL-4, when detected, was seen only in splenocyte cultures from control animals (not shown). These results indicate that BCG infection in mice induces splenic hyporesponsiveness to an in vitro stimulation with SEB and mimics the effect of an in vivo exposure to the superantigen in animals not experimentally introduced to SEB. We observed similar results when BCG-infected mice were stimulated with SEA, a staphylococcal superantigen that targets V␤3 ϩ T cells (20) , and with a MAb specific for the V␤8 ϩ TCR (data not shown), indicating that BCG infection induces a splenic hyporesponsiveness to in vitro stimulations with mitogens.
Decreased splenic responsiveness to SEB is not due to the deletion of V␤8 ؉ CD4 ؉ T cells during BCG infection. Decreased responsiveness to superantigens is usually seen only in mice that are exposed (in vivo or in vitro) to the individual superantigen (Fig. 1A) , due to mechanisms involving deletion and/or anergy of T cells (2) . In order to determine whether BCG infection induces deletion of SEB-responsive (V␤8 ϩ ) T cells, we examined the percentages of CD4 ϩ and CD8 ϩ V␤8 ϩ T cells in the spleens of PBS-injected or BCG-infected mice. Flow cytometry analysis of these individual T-cell populations reveals that, unlike what is seen in SEB-injected mice for V␤8 ϩ T cells ( Fig. 2A) , the percentages of splenic V␤8 ϩ T cells are not decreased during BCG infection (Fig. 2B) for the time point examined (2 weeks postinfection). On the contrary, there is an increase in the numbers of CD4 ϩ and CD8 ϩ T cells expressing V␤3 (data not shown) and V␤8 TCRs in the spleen of infected mice. Similar results were obtained at days 7 and 30 postinfection (data not shown). Therefore, the splenic hyporesponsiveness that is observed with staphylococcal enterotoxins in vitro due to BCG infection cannot be accounted for by an infection-induced deletion of SEB-responsive T cells.
BCG-infected mice are more susceptible to SEB-induced toxic shock. In previous work, when in vitro splenic hyporesponsiveness to SEB was present in unexposed mice, there was a concurrent increase in resistance to SEB-induced toxic shock in vivo (21) . In order to ascertain whether BCG infection resulted in similarly increased resistance to toxic shock (in addition to the observed in vitro anergy), mice infected on day 30 and uninfected controls were injected i.v. with SEB. The mice were bled 8 h postinjection to determine IFN-␥ levels in the serum and were monitored for symptoms of toxic shock. In direct contrast to the in vitro results with SEB, BCG-infected animals had fourfold-higher IFN-␥ levels in the serum than did noninfected but SEB-injected mice (Fig. 3A) . In fact, all BCGinfected mice succumbed to lethal toxic shock within 36 h of SEB injection (Fig. 3B) . Uninfected mice also produced IFN-␥, albeit at lower levels, after injection with SEB, yet they survived. To determine whether the effects were mediated by SEB and were not due to endotoxin contamination in the preparation, we injected PBS control and BCG-infected mice with heat-inactivated SEB (which disrupts SEB but not endotoxin activity). Injection of mice with heat-inactivated SEB failed to induce significant IFN-␥ production, and none of the mice in either experimental groups died. Furthermore, a second injection of SEB after their recovery was unable to kill the uninfected mice (data not shown). These results suggest that chronic BCG infection enhances the susceptibility of infected mice to SEB-induced toxic shock and that the apparent in vitro hyporesponsiveness seen with splenocytes has no correlate in vivo.
Purified splenic T cells from infected mice are superior IFN-␥ producers. To determine whether splenic hyporesponsiveness to SEB in vitro was due to an inherent impairment in T-cell function, we purified CD4 ϩ T cells from the spleens of mice infected for 2 weeks or PBS-injected controls. CD4 ϩ T cells were stimulated with SEB in the presence of dendritic cells, which express high levels of class II and costimulatory molecules (1) . BCG infection resulted in impaired IL-2 production and proliferation to SEB in the CD4 ϩ -T-cell popula- tion (Fig. 4A) . IFN-␥ production, on the contrary, was enhanced in CD4 ϩ T cells from BCG-infected mice. Similarly, CD8
ϩ T cells from BCG-infected mice showed reduced IL-2 production and proliferation but superior IFN-␥ production (data not shown). These results suggest that BCG infection, while stimulating the development of strong IFN-␥ producers, impairs the in vitro proliferative function of CD4 ϩ and CD8 ϩ T cells. Furthermore, the superior production of IFN-␥ by these T cells mirrors the cytokine levels in the sera of BCGinfected mice that were injected with SEB and thus has an in vivo correlate. Infectious dose is one of the factors reported to influence the effectiveness of BCG immunization (26) with lower in vivo doses inducing stronger type 1 responses when assayed in vitro. We examined whether a 100-fold-lower infectious dose of BCG, which results in a minor splenomegaly, still induces splenic hyporesponsiveness to SEB. We found that splenocytes from LD (10 4 CFU/mouse)-infected mice were, as IFN-␥ producers, superior to both HD (10 6 CFU/mouse)-infected mice's splenocytes and uninfected controls in response to SEB (Fig.  4B) . Next, we examined responses to BCG-Ag in those same spleens in order to determine whether the phenomenon extended to antigen-specific responses for the HD-infected mice. In accordance with published data (26) and similar to the situation with SEB, HD splenocytes produced significantly less IFN-␥ than did their LD counterparts (Fig. 4B) . We also examined responses to SEB and BCG-Ag from purified CD4 ϩ T cells of PBS-treated and LD-and HD-injected mice. Purified CD4 ϩ T cells from HD-infected mice produced higher levels of IFN-␥ to both stimuli than did either LD or control CD4 ϩ T cells (Fig. 4B) , although they had reduced IL-2 and proliferative responses (data not shown).
The increased proportion of CD44 hi (memory/effector) cells in BCG HD-infected mice correlates with superior IFN-␥ production by purified T cells responding to SEB or BCG-Ag. To look for potential differences between the various populations of T cells, we performed flow cytometry analysis on unfractionated splenocytes from the same time point, examining the surface expression of several T-cell activation markers: CD44, CD25/IL-2R␣, and CD122/IL-2R␤. Results indicate that T cells in HD spleens (both CD4 ϩ and CD8 ϩ ) have higher expression levels of all three of these activation markers (Fig.  5A ) than do T cells in either LD or PBS splenocytes. There are also more numbers of these activated cells in each HD spleen (data not shown), largely because of the splenomegaly. These results are consistent with the superior capacity of the HD CD4 ϩ T cells to produce IFN-␥ in vitro responding to either SEB or BCG-Ag. They are also in line with the increased levels of the cytokine in the sera of HD-infected mice after SEB injection in vivo.
We were interested in determining whether this increased IFN-␥ production by splenic CD4 ϩ T cells from BCG HDinfected mice was a characteristic of the whole CD4 ϩ -T-cell population or just a subset of CD4 ϩ T cells. To address this issue, purified CD4 ϩ T cells from BCG HD-infected mice (2 weeks postinfection) were sorted into CD44 low (naïve) and CD44 hi (memory/effector) subsets and were stimulated with either SEB in the presence of dendritic cells or BCG-Ag in the presence of M12 lymphoma cells (Fig. 5B) as APCs. The results indicate that the CD44 hi (memory/effector) CD4 ϩ T cells are the primary IFN-␥ producers in response to either SEB or BCG-Ag (Fig. 5B) . This subset also produced relatively little IL-2 and proliferated poorly in reaction to SEB (data not shown). No measurable IL-2 was detected in response to BCGAg, but anti-IL-2 MAb reduced IFN-␥ levels to below detection (data not shown). This result suggests that IL-2 is produced by CD44 hi CD4 ϩ T cells but is used for IFN-␥ production rather than for proliferation. The CD44 low CD4 ϩ T cells, on the other hand, produced little IFN-␥ in response to either SEB or BCG-Ag (Fig. 5B ). They were able to proliferate better and produce higher levels of IL-2 than the CD44 hi CD4
ϩ T cells, particularly in response to SEB (data not shown). Neither subset produced any detectable IL-4 (data not shown), indicating that these cells are either phenotypically type 1 or are differentiating in that direction. Hence, the CD44 hi CD4 ϩ T cells generated during BCG HD infection are the primary IFN-␥ producers in response to superantigen or bacterial antigens. 4 cells/well) in the presence of SEB (10 g/ml) or BCG-Ag (10 g/ml). IFN-␥ levels were determined as described in Materials and Methods. Mean Ϯ standard deviation of triplicate wells is shown.
BCG HD infection induces potent APCs that stimulate rather than inhibit IFN-␥ production to SEB and BCG-Ag.
While the results with purified T-cell populations correlated well with the in vivo SEB challenge, the results with bulk splenocyte cultures appeared paradoxical. Another possibility was the presence of an inhibitory APC population that would dampen IFN-␥ production from those potent T cells upon in vitro stimulation with either superantigens or BCG-Ag. To test this hypothesis, purified CD4 ϩ T cells and adherent splenocyte fractions (largely macrophages and dendritic cells) were cultured in different combinations to observe the effects on IFN-␥ response to SEB or BCG-Ag. Adherent splenocytes from HDinfected mice failed to inhibit IFN-␥ production of PBS, LD, or HD CD4 ϩ T cells in response to SEB (Fig. 6A) or to BCG-Ag (Fig. 6B) . Unexpectedly, HD adherent splenocytes actually stimulated higher levels of IFN-␥ production from the various T-cell populations than did either the PBS adherent cells or the LD adherent splenocytes (Fig. 6A and B) . To rule out the possibility that some inhibitory APCs were lost during fractionation, we used T-cell-depleted splenocytes from various groups as APCs and obtained similar results (data not shown). Lastly, unfractionated splenocytes from the various groups were used as APCs. We used CD4
ϩ Th1 clone HDK1 cells as responders due to their high KLH-specific IFN-␥ production and their unrelatedness to BCG infection. The results obtained (Fig. 6C ) mirror those seen using the adherent splenocyte fractions: HD splenocytes, regardless of their numbers in culture, failed to inhibit IFN-␥ production by HDK1 cells in response to KLH. In fact, HD spleen cells were actually superior APCs, particularly when cocultured at higher cell numbers. Flow cytometry analysis indicates that MHC class II ϩ (APCs) and CD11b/ Mac1 ϩ (present in some macrophage and dendritic cell populations) expression is increased in HD spleens (Fig. 6D) . This may contribute to the superior APC function of splenocytes from infected mice. Overall, these results show that APCs from infected mice are not intrinsically inhibitory to T-cell function and could not account for decreased IFN-␥ production seen in HD bulk splenocyte cultures in response to SEB or BCG-Ag.
Multiple factors are involved in reducing IFN-␥ production in bulk splenocyte cultures. As both T-cell and APC functions are improved in spleens of infected mice, we examined the possibility that the differences in the relative percentages of T cells in control and infected spleens were an important factor contributing to the apparent in vitro anergy. Disproportionate proliferation of various cellular populations in the spleens of BCG HD-infected mice results in typically half the percentage of CD4 ϩ and CD8 ϩ T cells compared to that found in LD or PBS spleens (Fig. 7A) . Another factor could be an increased propensity of type 1 effectors to undergo cell death (already a greater proportion of the T-cell population in these spleens) upon in vitro stimulation, a phenomenon that was described previously (27) . To study the possible role of these factors during the in vitro stimulation of bulk splenocytes, we monitored T-cell viability and ensuing IFN-␥ levels in 24-and 72-h cultures stimulated with either BCG-Ag or SEB. The percentage of dead T cells is always higher for HD cultures at the 24-h time point (Fig. 7B) . Similar results are obtained at the 72-h culture period (data not shown). Lastly, HD splenocytes show higher IFN-␥ production within the first 24 h of culture, but this changes by 72 h for both SEB and BCG-Ag (Fig. 8A and  B) . The total IFN-␥ levels increase between 24 and 72 h for each type of spleen; however, the level of accumulation is higher for PBS and LD splenocytes than for their HD counterparts (Fig. 8) . Thus, differential accumulation of accessory cells and T cells in control versus HD-infected mice, together with differential proliferation and decreased viability, results in a complex interplay of factors leading in turn to decreased accumulation of cytokine in the supernatants of HD cultures and therefore to an apparent defect.
DISCUSSION
One of the characteristics of the adaptive immune system is the ability to generate independent but appropriate immune responses to two or more unrelated insults, regardless of their temporal relationship to each other. Hence, we addressed the question whether a chronic infection that induces a potent type 1 T-cell response affects responsiveness towards superantigens. i.v. infection with BCG in mice results in the development of splenomegaly (25) . Infection also induces a BCG-specific type 1 CD4
ϩ -T-cell response (this study) (14) . Our study describes the apparent capacity of a BCG HD infection to induce splenic hyporesponsiveness to SEB in mice never overtly exposed to this potent staphylococcal exotoxin. This in vitro splenic hyporesponsiveness stands in sharp contrast to the increased susceptibility of BCG-infected mice to SEB-mediated toxic shock, an indication of hyperresponsiveness. The situation with BCGinfected mice is unlike that in CD28 knockout mice, which show both in vitro splenic hyporesponsiveness to SEB in unexposed mice and increased resistance to SEB-induced toxic shock in vivo (21) . Lethal synergy between LPS-like molecules and superantigens has been reported (3, 4, 10, 16, 18) ; therefore, it is likely that BCG-infected mice suffer a similar lethal outcome upon SEB injection. Contamination of SEB with low levels of LPS is unlikely to have been the cause of the lethal shock, as the SEB batch used in vivo was tested for LPS contamination and found to have Ͻ0.06 EU/100 g of protein.
In addition only the infected mice died, indicating that, whatever the trace levels of LPS, they are not sufficient to lethally sensitize normal mice. Furthermore, heat-inactivated SEB (which disrupts SEB but not LPS activity) did not have any effect on mice in vivo or IFN-␥ production in vitro (data not shown).
We also evaluated the discrepancy between in vitro splenocyte response and T-cell-mediated protection in a tumor challenge model (data not shown). Mice infected with a LD (10 4 CFU) of recombinant BCG-Ova (expressing ovalbumin) were partially protected after a challenge with Ova-expressing tumor cells (B16Ova), whereas mice infected with a HD (10 6 CFU) of BCG-Ova exhibited strong protection. These results further support the notion that chronic mycobacterial infection does not lead to functional in vivo anergy.
The decreased in vitro responsiveness to superantigens, on the other hand, resembles the reported phenomenon of anergy seen in mycobacterial infections in response to mitogens like phytohemagglutinin (24) , concanavalin A (6), and anti-CD3 MAb (15) . This anergy is characterized by a proliferative block and decreased IL-2 secretion and production (29) and has been attributed to both suppressor T cells and/or inhibitory macrophages via the production of inhibitory mediators like IL-6 (34), transforming growth factor beta (13) , and NO (36) . A similar phenomenon is seen with some preparations of mycobacterial antigens, like purified protein derivative, particularly at high infection burdens in both mice and humans (reviewed in reference 7).
An increase in CD44 expression correlates with the acquisition of memory/effector function in T cells (11) . We have shown that CD44 hi T cells accumulate during BCG infection, particularly at higher bacterial burdens, and that these cells are the major in vitro producers of IFN-␥ in response to SEB. This is in contrast with the hyporesponsiveness of effector CD4 ϩ T cells anergized by previous exposure (either in vivo or in vitro) to the superantigen (17) . It seems likely that the CD44 hi T cells are the source of the high IFN-␥ levels seen in the sera of BCG-infected mice shortly after injection with SEB. The superior production of IFN-␥ by purified splenic T cells from BCG HD-infected mice may be similarly linked to the increased proportion of CD44 hi T cells seen in these mice. It is still unclear whether type 1 effectors have a decreased ability to produce IL-2 compared to naïve T cells (22) , although there is some evidence to indicate that this may be the case (30) . We observe that the time-dependent loss in IL-2 production and proliferation by bulk splenocytes or purified T cells in response to SEB correlates with splenomegaly and resulting accumulation of CD44 hi T cells. It is thus possible that the observed loss of in vitro IL-2 production and proliferation ("anergy") could simply be the natural consequence of the in vivo immune response. This would occur during any strong chronic type 1 response and could account for the loss of responsiveness (proliferation) to mitogens or bacterial antigens at high infectious loads. The greater the antigenic burden, the higher is the number of type 1 effectors generated that respond to subsequent stimuli by exerting their effector function rapidly without proliferating.
Nevertheless, we have observed that CD44 hi type 1 cells produce some IL-2, as neutralization of this cytokine early in culture results in loss of IFN-␥ production (J. A. Pedras-Vasconcelos and S. Sad, unpublished data). IL-2 appears to be used not for proliferation but for IFN-␥ production and perhaps other effector functions. If either IFN-␥ is neutralized in or IL-4 is added to either unfractionated splenocyte or purified T-cell cultures, proliferative responses increase (Pedras-Vasconcelos and Sad, unpublished). In vitro at least, IFN-␥ is having a feedback regulatory role, preventing the excessive expansion of CD44 hi type 1 effector cells. According to a recent report, a similar situation may be found in vivo (8) . BCG infection in IFN-␥ knockout mice resulted in a longer-lasting splenomegaly, due to decreased attrition (by apoptosis) of CD44 hi CD4 ϩ T cells (8) . We would predict that CD44 hi CD4 ϩ T cells from infected IFN-␥ knockout mice will not be prolif- eratively impaired upon in vitro stimulation with SEB, at least in part due to their decreased propensity for apoptosis. In normal mice infected with BCG, despite the reduced proliferative responses seen in vitro, splenomegaly still takes place. This would suggest that other cytokines (e.g., IL-4, IL-7, IL-9, and IL-15) might be involved in the expansion and maintenance of effector T cells in vivo (19) , compensating for the decreased IL-2 levels. Another possibility is that there is a continuous turnover of effector T cells during BCG infection, with effector T-cell attrition, as well as naïve T-cell differentiation to effectors occurring on a continual basis (31) . The observed decrease in proliferation for both unfractionated splenocytes and purified T cells from BCG-infected mice could in part be due to increased activation-induced cell death (AICD). Type 1 cells are also more susceptible to AICD than are Th0 and -2 cells (27, 37) . Previous work with BCG-infected mice showed purified T cells to have diminished anti-CD3 and concanavalin A-triggered proliferative responses due to increased AICD, although no impact on IL-2 and IFN-␥ was reported (15) . The increased prevalence of nonviable T cells in unfractionated HD splenocyte cultures after stimulation with SEB or BCG-Ag is consistent with what is found in this work. However, while with splenocyte cultures there is decreased IFN-␥, the same is not seen with purified T cells, in spite of impaired proliferative responses. This apparent discrepancy could be explained in part by considering the difference in T-cell numbers in the bulk splenocyte cultures. HD splenocyte cultures typically have half the T-cell numbers of their LD and PBS counterparts. In the purified T-cell cultures, T-cell and APC numbers are equalized, but there is a higher proportion of CD44 hi T cells in HD cultures. The differences in IFN-␥ levels range between 2-and 10-fold for the splenocyte cultures, and this is also seen for the purified T-cell cultures, except the trend is reversed in favor of HD T cells. For the unfractionated splenocytes, the system is highly complex, and thus the relationship is not a linear one between T-cell numbers and IFN-␥ levels but rather a chaotic one. In complex systems, where cooperativity is involved between multiple cell types, small changes in initial conditions (T-cell numbers at the start of the culture period) can have significant impacts in the outcome (the measurable IFN-␥ levels at 72 h) (5) .
The absence of a defect in IFN-␥ production in purified T-cell populations from HD spleens leads us to examine the possible existence of inhibitory APCs in these spleens, as shown in other cases (8, 35) . We were unable to inhibit IFN-␥ production from purified T cells using adherent cell populations, T-cell-depleted splenocytes (Pedras-Vasconcelos and Sad, unpublished), or unfractionated splenocytes. For every T-cell population examined, HD APCs were superior in their ability to present and/or costimulate IFN-␥ production, for SEB, BCG-Ag, and KLH. This would indicate that APCs from infected mice are not intrinsically inhibitory to T-cell function and could not alone account for the reduced cytokine responses seen in unfractionated splenocyte cultures.
The in vitro hyporesponsiveness to SEB and BCG-Ag is observable only with unfractionated splenocytes and not with purified T cells or fractionated APCs. When cytokine levels are examined earlier in the culture period, there is no defect, as HD splenocyte cultures have IFN-␥ levels similar to or higher than those for their BCG LD or PBS counterparts. This is all the more remarkable, considering that there is always a smaller proportion of T cells in HD cultures than in the other two kinds of culture. Several factors may contribute to the decreased accumulation of IFN-␥ in HD splenocyte cultures: the presence of fewer (if more potent) T cells and of superior APCs (in numbers and function), the inability of the effector T cells to proliferate, and their increased propensity to undergo AICD. Our study illustrates the hazard of drawing excessively on in vitro observations to extrapolate to and explain in vivo conditions. Thus, our study suggests a reevaluation of the concept that chronic mycobacterial infections truly induce T-cell anergy to mitogens and mycobacterial antigens. The degree at which the T-cell proliferative responses are impaired in vitro appears to reflect the magnitude of the type 1 T memory/ effector response, which in turn correlates with the mycobacterial burden. Thus, what is termed "anergy" may simply be a natural consequence of the development of a potent type 1 T-cell response during mycobacterial infection.
